(19) 



J 



(12) 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets (11) EP 1 096 532 A1 

EUROPEAN PATENT APPLICATION 



(43) Date of publication: 

02.05.2001 Bulletin 2001/18 

(21) Application number: 00123265.1 

(22) Date of filing: 26.10.2000 



(51) IntCI. 7 : H01J 1/312 



(84) Designated Contracting States: 

AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 
MC NL PT SE 

Designated Extension States: 
AL LT LV MK RO SI 

(30) Priority: 27.10.1999 J P 30507199 

(71 ) Applicant: Pioneer Corporation 
Meguro-ku, Tokyo (JP) 

(72) Inventors: 

• Yoshikawa, Takamasa, 

c/o Pioneer Corporation R&D 
Tsurugashima-shi, Saitama, 350-2288 (JP) 

• Chuman, Takashi, 

c/o Pioneer Corporation R&D 
Tsurugashima-shi, Saitama, 350-2288 (JP) 

• N eg Is hi, Nobuyasu, 

c/o Pioneer Corporation R&D 
Tsurugashima-shi, Saitama, 350-2288 (JP) 

• twasaki, Shingo, 

c/o Pioneer Corporation R&D 
Tsurugashima-shi, Saitama, 350-2288 (JP) 



• Yamada, Takashi, 

c/o Pioneer Corporation R&D 
Tsurugashima-shi, Saitama, 350-2288 (JP) 

• Sakemura, Kazuto, 

c/o Pioneer Corporation R&D 
Tsurugashima-shi, Saitama, 350-2288 (JP) 

• Hata, Takuya, 

c/o Pioneer Corporation R&D 
Tsurugashima-shi, Saitama, 350-2288 (JP) 

• Yoshizawa, Atsushi, 

c/o Pioneer Corporation R&D 
Tsurugashima-shi, Saitama, 350-2288 (JP) 

• Satoh, Hideo, 

c/o Pioneer Corporation R&D 
Tsurugashima-shi, Saitama, 350-2288 (JP) 

• Ogasawara, Kiyohide, 

c/o Pioneer Corporation R&D 
Tsurugashima-shi, Saitama, 350-2288 (JP) 

(74) Representative: Betten & Resch 
Reichenbachstrasse 19 
80469 Munch en (DE) 



(54) Electron emission device 

(57) An electron emission device includes: a semi- 
conductor layer (12); a porous semiconductor (13); and 
a thin-film metal electrode (15) which are layered in 
turn. The device also includes a carbon region (40) 
made of carbon or a carbon compound provided on top 
or under, or inside of the thin-film metal electrode. The 
electron emission device emits electrons when an elec- 
tric field is applied between the semiconductor layer and 
the thin-film metal electrode. 
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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the invention 

[0001] The present invention relates to an electron 
emission device and particularly to a porous semicon- 
ductor electron emission device. 

2. Description of the related art 

[0002] In field electron emission display appara- 
tuses, an Field Emission Display (FED) is known as a 
planar emission display device equipped with an array 
of cold-cathode electron emission source which does 
not require cathode heating. There also exists atten- 
tions to planar electron sources such as an electron 
emission device with a metal-insulator-metal (MIM) 
structure and to an electron emission device using a 
porous semiconductor such as silicon (Si). 
[0003] The porous semiconductor electron emis- 
sion device comprises a porous semiconductor layer 
and a thin-film metal electrode both are formed in turn 
on a silicon layer provided with an ohmic electrode at 
the back side. If the porous semiconductor electron 
emission device is used for a display device, a part of 
electrons are passed through the thin-film metal elec- 
trode by a voltage applied across the thin-film metal 
electrode and the silicon layer so that the electrons trav- 
elling a vacuum space impinge on a facing electrode 
covered with a fluorescent material to emit light. 

SUMMARY OF THE INVFNTIOM 

[0004] Even the electron emission device with the 
MIM structure or porous semiconductor electron emis- 
sion device does not yet provide a sufficient amount of 
emitted electrons. 

[0005] Thus, the present invention has been made 
to solve such a problem in view of the forgoing status. 
Therefore an object of the present invention to provide 
an electron emission device with a high electron emis- 
sion efficiency. 

[0006] An electron emission device according to the 
present invention comprises: 

a semiconductor layer for supplying electrons; 
a porous semiconductor layer formed on the semi- 
conductor layer; and 

a thin-film metal electrode which is formed on the 
porous semiconductor layer and faces a vacuum 
space; and further comprising a carbon region 
made of carbon or a carbon compound provided on 
top or under, or inside of said thin-film metal elec- 
trode, whereby the electron emission device emits 
electrons when an electric field is applied between 
the semiconductor layer and the thin-film metal 



electrode. 

[0007] According to the electron emission device of 
the invention with the above structure, said thin-film 
5 metal electrode and said carbon region are deposited 
through a physical deposition method or a chemical 
deposition method. 

[0008] In an embodiment of the electron emission 
device of the invention, said carbon region is a thin film 

w deposited on said thin-film metal electrode. 

[0009] In another embodiment of the electron emis- 
sion device of the invention, said carbon region is dis- 
tributed within said thin-film metal electrode. 
[0010] In further another embodiment of the elec- 

15 tron emission device of the invention, said carbon 
region is a thin film deposited under said thin-film metal 
electrode. 

[0011] In still further another embodiment of the 
electron emission device of the invention, the porous 
20 semiconductor layer is formed by an anodization 
processing to the surface of the semiconductor layer to 
be made as a porous portion. 

[0012] In an embodiment of the electron emission 
device of the invention, the porous semiconductor layer 
25 has at least two or more of porosity-changed layers 
which have porosities which are different from each 
other in the thickness direction. 

[0013] In another embodiment of the electron emis- 
sion device of the invention, the porosity-changed layer 

30 with a high porosity and another porosity-changed layer 
with a low porosity are layered by turns in the thickness 
direction of the porous semiconductor layer. 
[0014] In further another embodiment of the elec- 
tron emission device of the invention, the semiconduc- 

35 tor layer is anodic-oxidized from the surface thereof in 
such a manner that a first processing time duration in 
which a low current density for the anodization process- 
ing is applied to the surface and a second processing 
time duration in which a high current density for the ano- 

40 dization processing is applied to the surface are 
repeated by turns, so that the porosity-changed layer 
with a high porosity and another porosity-changed layer 
with a low porosity are layered by turns in the thickness 
direction of the porous semiconductor layer. 

45 [0015] In still further another embodiment of the 
electron emission device of the invention, the porosity- 
changed layers have incline porosity ascended gradu- 
ally in the thickness direction. Alternatively, the porosity- 
changed layers have incline porosity descended gradu- 

so ally in the thickness direction. 

[0016] In an embodiment of the electron emission 
device of the invention, the semiconductor layer is 
anodic-oxidized from the surface thereof during a 
processing time in which a current density for the anodi- 

ss zation processing is changed so that the porosity- 
changed layers have incline porosities in the thickness 
direction. 

[0017] According to the electron emission device of 
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the present invention with the above structure, a high 
electron emission efficiency is obtained. Therefore, this 
electron emission device, when in use in a display 
device, can provide a high luminance, can suppress the 
consumption of the driving electric current and the gen- 5 
eration of heat from the device, and can reduce a load 
on the driving circuit for the display device. 
[0018] This electron emission device according to 
the present invention is a plane or dot electron emission 
diode which can serve as a light-emitting diode or a 10 
laser diode which emits electromagnetic waves of infra- 
red rays, visible light or ultraviolet rays. 
[0019] According to the electron emission device of 
the invention, since the porous surface of the porous 
semiconductor layer becomes a smoothed flat and the 15 
contact area with the surface of the thin-film metal elec- 
trode increases, the electron emission is stabilized. In 
addition, since a high density layer with a low porosity 
exists in the inside of the porous semiconductor layer, 
the rate of thermal conductivity increases in the layer 20 
and the thermal destruction of device comes to seldom 
occur due to a heat-dissipation effect. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 

[0020] 

Fig. 1 is a schematic cross-sectional view of an 
electron emission device of an embodiment accord- 
ing to the invention; 30 
Figs. 2 to 4 are schematic cross-sectional views 
each showing an electron emission device of 
another embodiment according to the invention; 
Figs. 5A, 5B, 5C and 5D are graphs each illustrating 
a relationship between the current density and the 35 
processing period during the anodic oxidation treat- 
ment for fabricating an electron emission device of 
an embodiment according to the invention; and 
Fig. 6 is a graph illustrating relationships of both the 
diode current Ips and the emission current lem with 40 
respect to the driving voltage Vps applied for driving 
the electron emission device together with that of a 
comparative electron emission device. 

DETAILED DESCRIPTION OF THE PREFERRED 45 
EMBODIMENTS 

[0021] Preferred embodiments according to the 
present invention will be described in more detail with 
reference to the accompanying drawings. so 

(Electron emission device) 

[0022] As shown in Fig. 1, the electron emission 
device using a porous semiconductor layer embodying 55 
the present invention comprises a porous semiconduc- 
tor layer 13, a thin-film metal electrode 15 and a carbon 
region or thin film made of carbon or a carbon com- 



4 

pound 40 which are formed in turn on a silicon layer 12 
provided with an ohmic electrode 1 1 at the back side. 
The porous semiconductor layer 13 is formed by an 
anodic oxidation of the Si semiconductor layer 12 after 
the formation thereof. As for the whole, the porous sem- 
iconductor layer 13 has a thickness ranging of from 1 to 
50 micrometers. As for the material of the carbon region 
40, forms of carbon such as amorphous carbon, graph- 
ite, carbyne, fullerene (C 2n ). diamond-like carbon, car- 
bon nano-tube, and diamond etc., or carbon 
compounds such as ZrC, SiC, WC, and MoC etc. are 
effective. 

[0023] As for the film formation method in manufac- 
turing such electron emission devices, a physical or 
chemical method is used. The physical methods are 
known as physical vapor deposition (PVD) and include 
a vacuum deposition method, molecular beam epitaxy 
method, sputtering method, ionized vapor deposition 
method and laser abrasion method. The chemical meth- 
ods are known as chemical vapor deposition (CVD) and 
include thermal CVD, plasma CVD and MOCVD (metal- 
organic chemical vapor deposition) etc. Among these 
methods, the sputtering method is especially effective. 
[0024] Furthermore, as shown in Fig. 2, the carbon 
regions may be provided as a thin-film metal electrode 
15a by having them distributed within the thin-film metal 
electrode. In this case, after the formation process for 
the porous semiconductor layer 13 through the anodic 
oxidation of the semiconductor layer 12, the formation 
process of the carbon region is performed as the thin - 
film metal electrode formation process in which the thin- 
film metal electrode 15a containing the carbon region is 
formed over the porous semiconductor layer 13, with 
carbon or a carbon compound being mixed with the 
metal by using i.e. a mixed target or by sputtering within 
a carbon or carbon compound gas atmosphere. 
[0025] Alternatively, the carbon region 40 may be 
formed as a thin film deposited under the thin-film metal 
electrode 15 as shown in Fig. 3. In this case, the forming 
process of the carbon region is performed after the for- 
mation process of the porous semiconductor layer 13, 
followed by the formation process of the thin-film metal 
electrode 15 over the carbon region 40. In this way, the 
formation process of the carbon region is performed 
immediately before the formation process of the thin- 
film metal electrode 15. The structure shown in Fig. 3 is 
obtained in which the carbon region 40 is formed 
between the thin-film metal electrode 15 and the porous 
semiconductor layer 13. 

[0026] The porous semiconductor electron emis- 
sion device can be regarded as a diode of which the 
thin-film metal electrode 15 at its surface is connected 
to a positive potential Vps and the back, i.e., ohmic elec- 
trode 1 1 is connected to a ground potential. When the 
voltage Vps is applied between the ohmic electrode 1 1 
and the thin-film metal electrode 15 to supply electrons 
into the semiconductor layer 12 of semiconductor Si, a 
diode current Ips flows. Since the porous semiconduc- 
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tor layer 1 3 has a high resistance, most of the applied 
electric field is applied to the porous semiconductor 
layer 13. The electrons travel inside the porous semi- 
conductor layer 13 toward the thin-film metal electrode 
15. Some of the electrons that reach near the thin-film 
metal electrode 15 pass through the thin-film metal 
electrode 1 5, due to the strong electric field, to be dis- 
charged out into a vacuum space 4 if the vacuum space 
exists in the outside. 

[0027] In a case where the porous semiconductor 
electron emission device is used as a light-emitting 
device, the device substrate provided with the porous 
semiconductor electron emission devices is used as the 
first substrate at the backside, and a transparent second 
substrate 1 such as one made of glass is retained as the 
front side substrate via a vacuum space 4 as shown in 
Fig. 1 . On the internal surface of the second substrate 1 , 
a transparent collector electrode 2 made of indium-tin 
oxide (what we call ITO), tin oxide (SnO) or zinc oxide 
(ZnO) etc. and a phosphor layer of R, G or B are formed 
in turn. To fabricate a color display device using the 
porous semiconductor electron emission devices, the 
collector electrodes 2 capturing emitted electrons are 
grouped per three for R, G and B color signals corre- 
sponding to Red, Green and Blue emitting portions. 
Thus, fluorescent material layers 3R, 3G and 3B corre- 
sponding to R, G and B emissions are formed on the 
corresponding collector electrodes 2. The electrons e 
(emission current lem) discharged from the carbon 
region 40 are accelerated by a high voltage Vc which is 
applied to the opposing collector electrode (transparent 
electrode) 2, and are collected at the electrode 2. The 
fluorescent material layers coated on the collector elec- 
trode 2 emit corresponding visible luminous energy. 
[0028] Fig. 4 shows another embodiment of the 
present invention which is the same as the above 
embodiment comprising the ohmic electrode 11, the 
semiconductor layer 1 2 and the thin-film metal electrode 
15, except that the porous semiconductor layer 13 con- 
sists of at least two or more of porosity-changed layers 
13a and 13b which have porosities different from each 
other respectively in the thickness direction. 
[0029] As shown in Fig. 4, the porous semiconduc- 
tor layer 13 is formed so that a porosity-changed layer 
with a high porosity 13a and a porosity-changed layer 
with a low porosity 13b may be alternately layered by in 
the thickness direction. The porosity-changed layer with 
a high porosity 13a thus has an electrical resistance 
lower than that of the porosity-changed layer with a low 
porosity 1 3b. 

[0030] In addition, the high porosity-changed layer 
13a and/or low porosity-changed layer 13b may be 
formed in such a manner that each may have an incline 
porosity gradually ascended in the thickness direction. 
Alternatively the incline porosity may be gradually 
descended in the thickness direction. 
[0031] Thus, the change in porosity is given into the 
porous semiconductor layer 13. The porosity-changed 



layer with a low porosity 13b having a high resistance 
should be flatly formed on the outer-most surface. The 
low porosity-changed layer 13b prevents a superfluous 
current of the diode current Ips, and improves the con- 

5 tact with the thin-film metal electrode 15 formed ther- 
eon. Moreover, since the porosity-changed layer with a 
low porosity 1 3b is layered by turns, the thermal dissipa- 
tion of the device will be promoted. 
[0032] To repeatedly form the lamination combina- 
10 tion of the high and low porosity-changed layers 13a 
and 1 3b will control the superfluous current of the diode 
current Ips, and will raise the heat-dissipation effect fur- 
ther, although the above-mentioned effects are obtained 
by using at least one set of lamination of the high and 

is low porosity-changed layers 13a and 13b. 

[0033] The electron emission device emits elec- 
trons although the thin -film electrode of metal such as 
Pt is simply prepared on the low porosity-changed layer 
1 3b. Alternative fy, after anodization for making pores on 

20 the semiconductor layer, oxidization or nitriding may be 
performed on the resulted porous semiconductor layer 
under the following conditions and, after that, the thin- 
film electrode of metal such as Pt is prepared, so that an 
emission stability and durability of the device are 

25 improved more. 

[0034] The porous semiconductor layer may be oxi- 
dized under the oxidization conditions of a temperature 
ranging from 700 to 1200 degrees Centigrade and a 
time period of form 1 to 120 minutes in oxygen gas, 

30 alternatively under the oxidization conditions of a tem- 
perature ranging from 200 to 900 degrees Centigrade 
and a time period of form 1 to 120 minutes in oxygen 
plasma. The porous semiconductor layer may be 
nitrided under the nitriding conditions of a temperature 

35 ranging from 700 to 1200 degrees Centigrade and a 
time period of form 1 to 120 minutes in nitrogen gas, 
alternatively under the nitriding conditions of a tempera- 
ture ranging from 200 to 900 degrees Centigrade and a 
time period of form 1 to 120 minutes in nitrogen plasma. 

40 [0035] In addition, a Si wafer of a single-crystalline, 
amorphous, poly-crystalline, n-type or p-type may be 
used for a device-substrate in which the porous Si layer 
is formed through the anodization. Alternatively, the thin 
Si layer may be deposited on the ohmic electrodes pre- 

45 viously formed on a substrate. This case is convenient 
to a display device comprising a plurality of electron 
emission devices. 

[0036] Although sputtering is particularly effective 
in forming those layers and the substrate, vacuum dep- 

50 osition method, CVD (Chemical Vapor Deposition), 
laser ablation method, MBE (Molecular Beam Epitaxy) 
and ion beam sputtering are also effective. 
[0037] The material of the semiconductor layer 12 
preferably used is silicon (Si), but not restricted in the 

55 present invention. In addition to the semiconductor layer 
of silicon, there may be used for the semiconductor 
layer 12 semiconductor materials capable of being 
treated by means of an anodic treatment method, for 
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example, a single substance or compound semiconduc- 
tor of Group IV, Group lll-V or Group ll-VI such as ger- 
manium (Ge), silicon carbide (SiC), gallium arsenide 
(GaAs), phosphoric indium (InP), cadmium selenide 
(CdSe). When employing the crystalline for the Si layer § 
12, the crystal substrate having its surface (100) direc- 
tion orientating perpendicular to its major surface is 
preferably used, because the electron emission effi- 
ciency r| of the porous Si layer is better. It is estimated 
that such a (100) Si layer provides the Si crystalline 10 
direction and minute pore channels with a nano-order 
diameter which orientate perpendicular to its major sur- 
face. In addition, the employment of the porous Si layer 
made from the amorphous Si layer provides amorphous 
residual Si skeletons and minute channels. 75 
[0038] The porous semiconductor layer 13 is 
formed in the semiconductor wafer 12 through the 
anodic treatment. For example, a semiconductor wafer 
12 of an n-type Si is preformed by an anodic treatment, 
in which an insulative layer with a rectangle opening is 20 
previously formed on the semiconductor wafer. The 
semiconductor wafer is then dipped into a hydrogen flu- 
oride (HF) solution bath. The surface of the semicon- 
ductor layer is partially exposed in the HF solution 
through the opening of the insulative layer. The exposed 25 
semiconductor layer as an anode and the cathode of Pt 
are disposed facing to each other in the HF solution. 
The anode and cathode are connected to a DC power 
supply, so that a DC current is applied across these 
electrodes with a low current density to anodize the 30 
exposed semiconductor layer. As a result, a p-type 
porous Si layer is formed in the Si substrate. In this 
embodiment, the formation of the porous structure 
requires the consumption of positive holes and thus the 
light-irradiation should be preformed during the anodi- 35 
zation to supply the positive hole carriers to the exposed 
semiconductor layer. Alternatively, the porous Si layer 
may be formed on a p-type Si semiconductor layer. In 
this case, the porous Si layer may be formed even if it is 
in a dark condition. 40 
[0039] The porous Si layer is consisted of plural 
minute channels or open spaces and the residual Si . 
When the pore channel's diameter is in a range from 
approximately one to several hundreds nano-meters 
and the dimension of each residual Si skeleton is in a 45 
range from the number of tens to hundreds of Si atoms, 
it is expected that an electron emission phenomenon 
occurs due to the quantum size effect. These values 
may be controlled by the settings of the conditions of the 
HF density, the current density, the duration of anodiza- so 
tion treatment and the light-irradiation time period dur- 
ing the anodic treatment. 

[0040] By controlling the current density and the 
processing period in the anodizing treatment of the 
semiconductor layer, the porosity is changed at 10 to ss 
80% in the thickness direction of the porous semicon- 
ductor layer 13 having the porosity-changed layers 13a 
and 1 3b. This change of porosity is preformed in each 



porosity-changed layer. For example, the porosity- 
changed layers 13a and 13b formed by turns in such a 
manner that anodizations both of the short processing 
period with a low current density and of the long 
processing period with a high current density are 
repeated by turns, as shown in Figs. 6A and 6B, so that 
the internal diameter of the minute pore channel adja- 
cent to the surface of the porous Si layer becomes com- 
paratively small (i.e., the porosity-changed layer 13b), 
but such internal diameter of the pore channel 
increases as its depth becomes deeper (i.e., the poros- 
ity-changed layer 13a). In this case, the long processing 
periods with a high current density are equal to each 
other for forming the porosity-changed layers with a 
high porosity 13a intermittently, as shown in Fig. 5A. 
The long processing periods with a high current density 
may be gradually made short for forming the high poros- 
ity-changed layers 13a becoming thin gradually, as 
shown in Fig. 5B. 

[0041] Moreover, at least two or more of the poros- 
ity-changed layers each having a porosity different from 
the contiguities in the thickness direction can also be 
formed in the porous semiconductor layer by means of 
anodizations under the conditions of the current densi- . .. v 

ties and the processing periods as shown in Figs. 6C ^; 
and 6D. By controlling the current densities and c a? 

processing periods, the specific resistance becomes =n 
small so that it is close to the Si layer 12 in each layer. f 
There are a gradual slope of porosity proportional to the ? 
resistivity in each porosity-changed layer 1 3a formed by 
the anodization as shown in Fig. 5C or 5D. For porosity k 
slope of the thickness direction in the porous silicon m 
layer, the current density is gradually changed during & 
the anodization. The porous Si layer 1 3 may have a high - v 
resistivity at a portion adjacent to its surface and a low r : - 
resistivity at a portion adjacent to its interface between 
the porous Si layer 13 and the Si substrate 12. This con- 
tinuous incline of resistivity in the porous Si layer 13 is 
preferable for the injection of electrons from the sub- 
strate. 

[0042] Although metals such as Pt, Au, W, Ru and Ir 
are effective as the material for the thin-film metal elec- 
trode 15 on the electron emission side, Al, Sc, Ti, V, Cr, 
Mn, Fe, Co, Ni, Cu, Zn, Ga, Y, Zr, Nb, Mo, Tc, Rh, Pd, 
Ag, Cd, Ln, Sn, Ta, Re, Os, TI, Pb, La, Ce, Pr, Nd, Pm, 
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and an alloy of 
individuals thereof can be used as well. From the princi- 
ple of electron emission, it is better that the material for 
the thin-film metal electrode 1 5 has a lower work func- 
tion $ and is thinner. To increase the electron emission 
efficiency, the material for the thin-film metal electrode 
15 should be a metal of the group I or group II in the 
periodic table; for example, Cs, Rb, Li, Sr, Mg, Ba, Ca 
and the like are effective and alloys of those elements 
may be used as well. To make the thin-film metal elec- 
trode 15 very thin, the material for the thin-film metal 
electrode 15 should be a chemically stable metal with a 
high conductivity; for example, single substances of Au, 
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Pt, Lu, Ag and Cu or alloys thereof are desirable. It is 
effective to coat or dope a metal with a low work function 
as described above on or in those metals. Utilizable effi- 
ciency is obtained by using an Au or Pt thin-film elec- 
trode having a thickness of from 1 to 50 nm. When 
considering the stability as an electron emission device, 
a thickness of from 2 to 20 nm is the most suitable for 
the Au or Pt thin-film electrode. 

[0043] The material for the ohmic electrodes 1 1 is 
Au, Pt, Al, W or the like which is generally used for the 
wires of an IC, and has a uniform thickness for supply- 
ing substantially the same current to the individual 
devices. 

[0044] The material for another device-substrate 
(not shown) on which the semiconductor Si layer 12 is 
deposited as a thin-film may be ceramics such as 
Al 2 0 3 , Si 3 N 4 or BN instead of glass. 

(Primary example) 

[0045] Concretely, the electron emission devices 
were produced from Si wafers of 14mm x 14mm, and 
their characteristic were investigated. 
[0046] While the current density and the processing 
period of anodization were changed in the anodization 
method using the Si wafer, the processing of the short 
time for which current density was reduced was per- 
formed intermittently. As a result, the thin poros'rty- 
changed layers were formed in the porous semiconduc- 
tor layer of the Si wafer, in each of which the average 
pore diameter was 1/20 and the average number of 
pores was 400 times per centimeter square in compari- 
son with that of the conventional device. The anodiza- 
tion conditions were as follows: 

(Anodization conditions) 

[0047] 

Ingredients of the electrolytic solution (tempera- 
ture): 

HF : Ethanol = 1 : 1 (at 0 degree Centigrade) 

Current density and processing period: 

A set of (2.5mA/cm 2 for 2 seconds and 
SOmA/cm 2 for 1 0 seconds) times 3 equals a 
total of 36 seconds. 

Thickness of the porous semiconductor layer: 

A set of (porosity^changed layers of 0.01 6um 
and 1.67 u,m thick) times 3 equals a total of 
5.058ujn thick. 
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(Comparative example) 

[0048] The same electron emission device was pro- 
duced as comparative examples in such a manner as 
the above-mentioned case except having a conven- 
tional porous silicon layer with a uniform porosity. At this 
case, it carried out under the following anodization con- 
ditions. 

(Anodization conditions) 
[0049] 

Ingredients of the electrolytic solution (tempera- 
ture): 

HF : Ethanol - 1 : 1 (at 0 degree Centigrade) 

Current density and processing period: 

It is 50mA/cm 2 constant for a whole period, 
processing period: 30 seconds 

Thickness of the porous semiconductor layer: 5u.m 

An ohmic electrode was formed at the back 
side of each Si wafer after anodized. 

[0050] Finally, a 6 mm diameter thin-film metal elec- 
trode of Pt was formed 6 nm thick on the surface of the 
amorphous Si0 2 layer of each substrate by sputtering, 
thus providing a plurality of device-substrates. 
[0051] Meanwhile, transparent substrates were pre- 
pared, each of which has a collector electrode of indium 
tin oxide (ITO) formed inside a transparent glass sub- 
strate and has a fluorescent layer of a fluorescent sub- 
stance corresponding to R, G or B color emission 
formed on the collector electrode by the normal 
scheme. 

[0052] Electron emission devices were assembled 
in each of which the device-substrate and the transpar- 
ent substrate are supported apart from one another by 
1 0 mm in parallel by a spacer in such a way that the 
thin-film metal electrode 1 5 faced the collector electrode 
2, with the clearance therebetween made to a vacuum 
of 10-5 Pa. 

(Results) 

[0053] Then, the diode current Ips and the emission 
current tern corresponding to the thickness of the SiO a 
film of each of the acquired plural devices were meas- 
ured. 

[0054] This result is shown in Fig. 6. As for the 
device of the invention, as seen from the figure, only the 
diode current Ips was restricted, without carrying out an 
emission current lem fall, and electron emission effi- 
ciency Ti improved from 1 0" 3 to 1 0" 1 no less than 2 fig- 
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bon region are deposited through a physical depo- 
sition method or a chemical deposition method. 

3. An electron emission device according to claim 1 , 
5 wherein said carbon region is a thin film deposited 

on said thin-film metal electrode. 

4. An electron emission device according to claim 1 , 
wherein said carbon region is distributed within said 

. 10 thin-film metal electrode. 

5. An electron emission device according to claim 1 , 
wherein said carbon region is a thin film deposited 
under said thin -film metal electrode. 

15 

6. An electron emission device according to claim 1, 
wherein the porous semiconductor layer is formed 
by an anodization processing to the surface of the 
semiconductor layer to be made as a porous por- 

20 tion. 

7. An electron emission device according to claim 6, 
wherein the porous semiconductor layer has at 
least two or more of porosity-changed layers which 

25 have porosities which are different from each other 
in the thickness direction. 

8. An electron emission device according to claim 7, 
wherein the porosity-changed layer with a high 

30 porosity and another porosity-changed layer with a 
low porosity are layered by turns in the thickness 
direction of the porous semiconductor layer. 

9. An electron emission device according to claim 8, 
35 wherein the semiconductor layer is anodic-oxidized 

from the surface thereof in such a manner that a 
first processing time duration in which a low current 
density for the anodization processing is applied to 
the surface and a second processing time duration 

40 in which a high current density for the anodization 
processing is applied to the surface are repeated by 
turns, so that the porosity-changed layer with a high 
porosity and another porosity-changed layer with a 
low porosity are layered by turns in the thickness 

45 direction of the porous semiconductor layer. 



u res in comparison with that of the conventional device. 
[0055] Moreover, fluctuations of temperature of the 
electron emission devices both of the embodiment and 
the comparative example were measured when the 
same voltage Vps was applied to each device. The elec- 
tron emission device of the invention generally exhibited 
a uniform declining of temperature upon application of 
the constant voltage Vps, in comparison with that of the 
comparative example. 

[0056] When a voltage of approximately 4 kV 
applied across the fluorescent-substance coated collec- 
tor electrode and the thin-film metal electrode, a uniform 
fluorescent pattern corresponding to the shape of the 
thin -film metal electrode was observed in the devices. 
This shows that the uniform electron emission is caused 
by the porous semiconductor layer having at least two 
or more of porosity-changed layers which have porosi- 
ties which are different from each other in the thickness 
direction and the emission exhibits a high linearity, and 
that those devices can serve as an electron emission 
diode, or a light-emitting diode or laser diode which 
emits electromagnetic waves of infrared rays, visible 
light or ultraviolet rays. 

[0057] As mentioned above, according to the 
present invention, the electron emission device com- 
prising the carbon region made of carbon or a carbon 
compound provided on top or under, or inside of the 
thin-film metal electrode, prevents a superfluous flow of 
diode current Ips during the operation of device to pro- 
vide a high electron emission efficiency rj (t| = emission 
current lem/diode current Ips). In addition, the present 
invention eliminates the problem of the contact between 
the porous semiconductor layer and the thin-film metal 
electrode formed thereon to make the electron emission 
stable. Such a contact problem is caused by a phenom- 
enon that the rough surface of the porous semiconduc- 
tor layer after the anodic oxidation prevents from 
contacting closely with the thin-film metal electrode. 

Claims 

1 . An electron emission device comprising: 

a semiconductor layer for supplying electrons; 
a porous semiconductor layer formed on the 
semiconductor layer; and 
a thin -film metal electrode which is formed on 
the porous semiconductor layer and faces a 
vacuum space, further comprising a carbon 
region made of carbon or a carbon compound 
provided on top or under, or inside of said thin- 
film metal electrode, whereby the electron 
emission device emits electrons when an elec- 
tric field is applied between the semiconductor 
layer and the thin-film metal electrode. 

2. An electron emission device according to claim 1 , 
wherein said thin-film metal electrode and said car- 



10. An electron emission device according to claim 7, 
wherein the porosity-changed layers have incline 
porosities ascended or descended gradually in the 

so thickness direction. 

11. An electron emission device according to claim 10, 
wherein the semiconductor layer is anodic-oxidized 
from the surface thereof during a processing time in 

55 which a current density for the anodization process- 
ing is changed so that the porosity-changed layers 
have incline porosities in the thickness direction. 



7 
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